Cultured plant cells are often highly heterogeneous in terms of secondary metabolite production. We have developed a quantitative determination method that uses an image processing system to estimate such individual cell characteristics as content of the secondary metabolite, anthocyanin. In this study, strawberry cells producing anthocyanins were grown in modified Linsmaier-Skoog medium. Anthocyanin accumulation profiles of individual cells depended on medium compositions and were quantitatively determined using the new method. The modified medium supplemented with riboflavin and high sugar concentration showed a markedly higher anthocyanin accumulation profile and pigmented cell ratio than the other modified media. The maximum content was about 11 mg (g-fresh cell weight) −1 , which was three times higher than that in the control medium. Moreover, the anthocyanin accumulation profiles in the individual cells cultured in all modified media could be approximated to the parts of the normal distribution curves with the constant variance.
Introduction
Plant cell cultures have frequently been used to produce food ingredients, flavors, colorants and pharmaceuticals normally derived directly from plants. This method enables stable supply of these chemicals, while direct production by plants is affected by climate, disease, plant maturity, and other environmental or physiological factors. Recently, there have been a number of reports about the production of secondary metabolites using plant cell cultures. Anthocyanin, one of the secondary metabolites of plant cells, is well known as a natural pigment for food colorants with low toxicity. Anthocyanins are produced by various plant-cell cultures, including wild carrot [1, 2] , sweet potato [3] , grape [4] [5] [6] [7] [8] and strawberry [9] [10] [11] [12] [13] cultures. It has been well documented that anthocyanin accumulation in plant cell cultures is strongly influenced by culture conditions, including light intensity [4, 12, [14] [15] [16] , plant growth regulators [10, 11] , medium components [4, 12, 17] and sugar concentration [2, [5] [6] [7] [8] 11, 12, 14] . However, most of these reports have relied on absorbance measurement after pigment extraction, and this extraction method can only provide the average level of pigment accumulation. Because heterogeneous accumulation of secondary metabolites is often observed in individual cells during plant cell culturing, the average pigment concentration cannot always reflect the intracellular pigment accumulation level of each cell. Moreover, even in highly pigmented plant-cell cultures, a considerable number of non-pigmented white cells are usually observed. Several studies have examined the percentages of pigmented cells among total cells by counting them under a microscope [4] [5] [6] 12] and reported the wide distribution of anthocyanin content in cultured cells. In these cases, the pigmented cells were identified irrespective of the amount of the accumulated pigment and the identification depended on the criteria of individual examiners. This means that highly accumulated cells (red cells) and lowly accumulated cells (pink cells) were equally defined as pigmented cells. To investigate the regulation of anthocyanin biosynthesis under different culture conditions, it is important to analyze the pigment accumulation in individual cells because the accumulation heterogeneity also changes with culture conditions. However, little is known about the relation between the heterogeneity of secondary metabolite production and cell growth.
In this study, we investigated the effects of medium composition on cell growth and on heterogeneity of secondary metabolite production using a novel image-processing system and a suspension culture of anthocyanin-producing strawberry cells (Fragaria ananassa). The image processing system was shown to be effective for estimating individual cell characteristics such as pigment production. Using this system, we were able to determine the degree of pigmentation and estimate the effects of medium composition on the pigment accumulation ability in individual cells. The results should help to clarify the effects of environmental factors on anthocyanin accumulation in individual cultured cells.
Materials and methods

Plant materials and culture conditions
Cultured strawberry cells (F. ananassa cv. Shikinari) were derived from strawberry plant leaves [9] . The strawberry cells were grown in a liquid Linsmaier-Skoog medium [18] supplemented with 30 g sucrose, 1 mg 2,4-dichlorophenoxyacetic acid (2,4-D), and 0.1 mg benzylaminopurine (BAP) per 1 l medium. The medium pH was adjusted to 5.7 before autoclaving. Subculturing was carried out every week by inoculating 100 ml of fresh medium with 2 g-fresh cell weight (fcw) of inoculum cells [9] . The flasks were maintained at 26 • C on a reciprocating shaker at 100 strokes/min. For anthocyanin production, the flasks were located under ca. 5000 lx of light irradiation provided by fluorescent lamps (FL40SS; Toshiba, Tokyo, Japan).
Modification of LS medium
Modified LS media were prepared by reference to previous papers [11, 12] . The methods were as follows. For the nitrogen-source limited culture, the NH 4 NO 3 concentration of the modified medium (designated as LS[N]) was 5.15 mM, one-fourth of that in the original LS medium (LS [control] ). The phosphate-limited LS medium (LS[P]) contained 0.31 mM of KH 2 PO 4 , also one-fourth the concentration in the original LS medium. The medium thus modified both by nitrogen and phosphate limitation were designated LS [NP] . Furthermore, to examine the effects of high sugar concentration and the addition of riboflavin and methyl jasmonate, suspended cell cultures were carried out in three types of modified media: (1) a medium in which the sucrose concentration was increased to 100 g l −1 (30 g l −1 sucrose in LS[control]); (2) a medium to which ribofalavin was added (final concentration, 4 mg l −1 ); and (3) a medium to which methyl jasmonate dissolved in a small amount of dimethylsulfoxide was added (final concentration, 3 mg l −1 ). These media were designated as LS 
Measurements of cell growth and average anthocyanin content
Harvested cells were weighed after vacuum filtration to measure the fcw. Anthocyanins were extracted overnight by methanol containing 0.1% HCl at −20 • C from the harvested cells. Absorbance of the extract solution was determined by a spectrophotometer at 530 nm. The average anthocyanin content was calculated based on the extinction coefficient (E 1% 1cm =680 at 530 nm), which was obtained using purified peonidin-3-glucoside from cultured strawberry cells as a standard [9] .
Image analysis
In suspension culture, plant cells usually form cell aggregates that impede the process of image analysis. We, therefore, divided these cell aggregates into single cells or protoplasts by enzyme treatment with a solution consisting of 20 g l −1 Cellulase Onozuka R-10 (Yakult Pharmaceutical, Nishinomiya, Japan), 10 g l −1 Macerozyme R-10 (Yakult Pharmaceutical), 0.1 g l −1 Pectolyase (Sigma Chemical, St. Louis, MO) and 0.7 M mannitol. Cells of 500 mg-fcw were suspended in 10 ml of the enzyme solution and incubated for 2 h at 26 • C in the dark on a reciprocating shaker at 100 strokes/min. After incubation, the cell suspension was filtrated by a nylon mesh (pore size, 37 m) and centrifuged at 60×g for 2 min. The supernatant was rinsed by a solution containing 0.5 M mannitol and 1 mM CaCl 2 .
Image data were analyzed as described previously [13] . The enzyme-treated cell suspension was placed on a hematocytometer and covered with a glass plate. Images of more than 300 cells in each culture condition were obtained using a microscope (IX-70; Olympus Optical, Tokyo, Japan) equipped with a CCD camera (DXC-151; Sony, Tokyo, Japan). The video signal from the CCD camera was digitized through a video capture board. In this system, each pixel had eight-bit color. Image analysis was carried out by Scion Image for Windows (Scion, Frederick, MD) and an original application program written by Borland Delphi (Inprise, Scotts Valley, CA). The color characteristics of anthocyanins produced by strawberry cell culture were as follows. The red component value (R) was much larger than the green (G) or blue (B) component values, and G was almost equal to B. The difference between R and G, the (R−G) value, was therefore defined as the index for pigment accumulation in this study. Each cell size (cell region) and the average (R−G) value of a cell were determined by using the image processing system. The initial step for determination of cell region was edge detection of the monochromatic image, and the next step was to count the pixels of the area that included interior holes. In both the calculations for cell region and average (R−G) value, the individual cells were detected after the appropriate thresholds had been decided. We defined a pigmented cell as a cell containing an area composed of pixels having an (R−G) value larger than the threshold; all other cells were considered non-pigmented cells. The average (R−G) value of the whole cell population was determined as the mean of all (R−G) values for the pixels in all cell regions over the whole data matrix (640×480 pixels).
Results and discussion
Effects of medium composition on cell growth and pigment accumulation
The average characteristics of strawberry cells during the batch suspension culture are shown in Figs [11] . Ibrahim [19] has suggested that high sucrose level creates an osmotic stress resulting in the inhibition of cell growth. The average anthocyanin contents in strawberry cells cultured in the various modified media are also shown in Figs. 1(B) and 2(B) . In contrast to cell growth, average anthocyanin content was increased by all medium modifications.
Total anthocyanin production at Days 5 and 7 of culturing, as determined by cell growth and average anthocyanin content, is shown in Figs. 1(C) and 2(C), respectively. For all modified media at Day 5, the increase in the average anthocyanin content by medium modification resulted in a total pigment production at least three times greater than that in the control medium LS[control], despite the cell-growth repression. At Day 7, however, because of the larger decrease in cell growth, the values of total anthocyanin production in some modified media were lower than that in the control. These results clearly demonstrated that the relationship between cell growth and average anthocyanin content was inversely related in the strawberry cell culture (data not shown).
Pigmented cell ratio
Pigmented cell ratios of cultured strawberry cells in the different modified LS media are summarized in Table 1 . Although the pigmented cell ratios in all modified media were higher than that in the control media at both Day 5 and Day 7, non-pigmented (white) cells existed in all of modified media. Combined addition of riboflavin and sugar (LS [SR] ) increased the pigmented cell ratio to nearly 100% of total cells. The relationship between the average anthocyanin content and the pigmented cell ratio, as determined by image analysis, is shown in Fig. 3 . The average anthocyanin content almost corresponded to the value determined by the extraction method. As the average anthocyanin content increased, the pigmented cell ratio also rapidly increased to about 70%. However, once the average anthocyanin content reached about 1 mg (g-fcw) −1 , the pigmented cell ratio increased more gradually. This relationship was probably due to the distribution curve of anthocyanin accumulation in the individual cells, as described in the following section.
Effects of medium modification on the anthocyanin content profile
The frequency distribution of anthocyanin content of strawberry cells cultured in the different LS modified media is shown in Fig. 4 . In the control LS medium at Day 5, the pigment content was not more than 4.0 mg anthocyanin per 1 g of fresh cells, and the pigmented cell ratio (frequency) was only 4.6%, as shown in Table 1 ; i.e. more than 95% of cells in the culture were white. On the other hand, in the modified LS media, the anthocyanin content was distributed over a wide range and some cells accumulated at an extremely high concentration. 
Frequency distribution of pigment accumulation
To understand the various patterns of frequency distribution shown in Fig. 4 , we assume that the frequency distribution of the ability to accumulate pigment in the individual cells corresponded to a part of the normal distribution curve. The pigmented cell ratio of the cells cultured in the LS[SR] medium was nearly 100%, as shown in Table 1 . Therefore, we suppose the distribution in LS[SR] medium follows the normal distribution. We, therefore, assumed that the distri-bution in LS[SR] medium was a normal distribution that followed the formula:
Here, f(x) is the probability density function and x, µ, and σ 2 represent anthocyanin content in individual strawberry cells, average anthocyanin content, and the variance, respectively. By fitting the frequency distribution of LS[SR] medium, the parameters in Eq. (1) were calculated as µ=5.0 mg (g-fcw) −1 and σ 2 =1.9 mg 2 (g-fcw) −2 . For the other modified media, the formulas of normal distribution were calculated by fitting a part of the normal distribution curve with the constant variance (σ 2 ) as that of LS[SR] medium. The normal distribution curves are indicated by dotted lines in Fig. 4 . The frequency distribution curves of anthocyanin accumulation had a considerably good correlation (correlation coefficient; r=0.93) with the part of the normal distribution curves that had the same variance for every media tested. For the data of the frequency distribution of pigment accumulation at Day 7 the fitting curves obtained by the same method were also in reasonable agreement with the normal distribution curves (data not shown). The peak of the pigment content distribution shifted according to the medium composition but the variance was constant. If it is assumed that only these cells having a pigment synthesis rate above a certain threshold value (or a decomposing rate below a certain value) can accumulate pigment in cells, then the changes of pigmented cell ratio by the medium modification could be explained as the shift of the distribution of the accumulation ability of total cells that followed the normal distribution with the constant variance. It is supposed that the variance in the frequency distribution of population is governed by genetic factors, while the average pigment content in the population is influenced by physiological factors such as medium composition.
Conclusion
The present medium modifications resulted in a repression of cell growth, an enhancement of anthocyanin accumulation and an increase in the pigmented cell ratio. The relation between the pigmented cell ratio and the average anthocyanin content was demonstrated for various medium conditions. The limitation of nitrogen concentration in the LS medium and the addition of methyl jasmonate effectively enhanced the total anthocyanin production in the batch suspension culture. Riboflavin addition at higher sugar concentration enhanced the pigmented cell ratio to nearly 100% of total cells, and resulted in a maximum anthocyanin content approximately three times higher than the average. This means that almost all of the strawberry cultured cells had the ability to accumulate anthocyanin, and that some of them had considerably high abilities for such accumulation. The changes of the pigmented cell ratio by medium modification were explained as a shift of the accumulation ability of the cell population that followed the normal distribution with the constant variance. The above results suggest a possible means of increasing pigment content by medium modification and cell-line selection.
